We conduct three-dimensional hydrodynamical simulations of energy deposition into the envelope of a red giant star as a result of the merger of two close main sequence stars or brown dwarfs, and show that the outcome is a highly non-spherical outflow. Such a violent interaction of a triple stellar system can explain the formation of 'messy', i.e., lacking any kind of symmetry, planetary nebulae (PNe) and similar nebulae around evolved stars. We do not simulate the merging process, but simply assume that after the tight binary system enters the envelope of the giant star the interaction with the envelope causes the two components, stars or brown dwarfs, to merge and liberate gravitational energy. We deposit the energy over a time period of about nine hours, which is about one per cent of the orbital period of the merger product around the centre of the giant star. The ejection of the fast hot gas and its collision with previously ejected mass are very likely to lead to a transient event, i.e., an intermediate luminosity optical transient (ILOT).
INTRODUCTION
The mass loss rate and outflow geometry from a giant star can be substantially influenced by the presence of close objects, i.e., planets, brown dwarfs and/or stars, that interact with the giant star. Planetary nebulae (PNe) is the most studied group of objects that are shaped by the interaction of their progenitor, an asymptotic giant branch (AGB) star, with stellar companions (e.g, Bond & Livio 1990; Bond 2000; Zijlstra 2015; Jones & Boffin 2017b) or with planets (e.g, De Marco & Soker 2011) . Following early theoretical and observational studies (Livio & Shaviv 1975; Bond et al. 1978; Fabian & Hansen 1979; Morris 1981; Paczynski 1985; Iben & Tutukov 1989; Bond & Livio 1990; Han et al. 1995) observations of tens of PNe with central binary systems, in particular in recent years (e.g., Akras et al. 2015; Aller et al. 2015a,b; Boffin 2015; Corradi et al. 2015; Decin et al. 2015; Douchin et al. 2015; Fang et al. 2015; Gorlova et al. 2015; Hillwig et al. 2015; Jones 2015; Jones et al. 2015; Martínez González et al. 2015; Miszalski et al. 2015; Močnik et al. 2015; Montez et al. 2015; Jones et al. 2016; Chiotellis et al. 2016; Akras et al. 2016; García-Rojas et al. 2016; Jones 2016; Hillwig et al. 2016a; Bond et al. 2016; Chen et al. 2016; Madappatt et al. 2016; Ali et al. 2016; Hillwig et al. 2016b; Jones et al. 2017 , for a partial sample just from 2015 on), have solidified the binary interaction model for shaping PNe. Single stars cannot lead to the variety of shapes of PNe (e.g., Soker & Harpaz 1992; Nordhaus & Blackman 2006; García-Segura et al. 2014) . But what about triple stellar (or sub-stellar) systems? Triple systems attract attention in other types of processes and objects (e.g., Eggleton & Verbunt 1986; Michaely & Perets 2014) .
A small number of papers discussed the shaping of PNe by triple stellar systems (e.g., Soker 1994; Bond et al. 2002; Exter et al. 2010; Danehkar et al. 2013; Soker 2016; Bear & Soker 2017) . Note though that the claim made by Exter et al. (2010) for a triple stellar system inside a PN was refuted recently by Jones & Boffin (2017a) . Exter et al. (2010) proposed that the progenitor of the PN SuWt 2 engulfed a tight binary system of two A-type stars, and that the A-stars binary system survived the common envelope evolution. They further suggested that triple stellar interaction might eject a high-density equatorial ring (see also Bond et al. 2002) . However, Jones & Boffin (2017a) concluded recently that the binary system of A-type stars is a field star system, which happens to be along the line of sight to SuWt 2.
We consider triple systems for which two orbital planes can be defined. One is that of the more tight binary system, and the second one is that of the tight binary system motion around the centre of mass with the third object. When the two orbital planes are inclined to each other, the mass loss geometry is likely to depart from any kind of symmetry, and so is the descendant PN. The PN will lack any kind of symmetry; nor point-symmetry, nor axial-symmetry, and nor mirror symmetry. We term this a 'messy PN' (Soker 2016; Bear & Soker 2017) .
Most nebulae do not require triple stellar interaction. Portegies Zwart & van den Heuvel (2016) suggest that the Great Eruption of Eta Carinae was caused by a merger in a triple stellar system. But there are claims that a binary system alone can explain the the Great Eruption of Eta Carinae and the formation of the bipolar structure of the Homunculus that was formed during the Great Eruption (Kashi & Soker 2010 ). The binary model can explain also earlier (Kiminki et al. 2016) and later (the Lesser Eruption; Humphreys et al. 1999) outbursts. In the present study we consider a different type of triple-stellar evolution than that considered by Portegies Zwart & van den Heuvel (2016) .
When the two orbital planes of the triple system coincide the interaction leads to a mass loss process that has a symmetry plane, although it might depart from axisymmetry. Binary systems can also lead to departure from axisymmetry (e.g., Soker & Hadar 2002) . However, binary systems are unlikely to form messy PNe that lack any symmetry. In a recent paper Chen et al. (2017) conduct 3D hydrodynamical simulation of mass transfer from an AGB star to a close companion. They demonstrate that when the AGB star losses mass in a short (5 years) burst, a very complicated and highly asymmetric mass loss takes place. This binary process still retains a symmetry about the equatorial plane. They do not study the launching of jets. Precessing jets could lead to a departure from any symmetry in that case of a short burst, and lead to the formation of a somewhat messy PN.
In many cases the more compact companion accretes mass from the AGB star. The accreted mass has high specific angular momentum and it forms an accretion disk around the companion, that in turn launches jets that shape the descendant PN (e.g., Morris 1987; Soker 1990; Sahai & Trauger 1998; Akashi & Soker 2008; Boffin et al. 2012; Huarte-Espinosa et al. 2012; Balick et al. 2013; Miszalski et al. 2013; Tocknell et al. 2014; Huang et al. 2016; Sahai et al. 2016; RechyGarcía et al. 2017 , out of many more papers). Triple stellar systems can also launch jets. Akashi & Soker (2017) simulate the flow structure described by Soker (2004) , where a tight binary system orbits an AGB star and accretes mass from the AGB wind. Because the orbital plane of the tight binary system is not parallel to the orbital plane around the AGB star in that setting, the jets' axis is not perpendicular to the orbital plane. This triple stellar interaction forms a messy nebula (Akashi & Soker 2017 ).
We here study another process that is likely to form a messy nebula. This is the evolutionary channel of a merger of a tight binary system inside the envelope of a giant star (Soker 2016) . The components of the tight binary system can be stars, brown dwarfs, or massive planets. Although the tight binary system influences the mass loss process before it enters the envelope, e.g., by tidal interaction, spinning-up the envelope, and launching jets, such a full study requires huge amount of computer resources. For resources constraints, we simply take the energy that is expected to be released by the merger process, and deposit it inside the envelope of the giant star. In a future paper we will also consider some of the other effects mentioned above. We describe the initial setting and the three-dimensional numerical code in section 2. We then describe the numerical results in section 3. We summarize our results in section 4.
NUMERICAL SET-UP
We run the stellar evolution code MESA (Paxton et al. 2011 (Paxton et al. , 2013 (Paxton et al. , 2015 to obtain a spherical AGB model with zero-age-main-sequence mass of M ZAM S = 4M . We let the star evolve until it reaches the AGB stage after 3 × 10 8 years. At that time the stellar radius is R AGB = 100 R , and its effective temperature is T ef f = 3400K. We then import the spherical AGB model, namely, the profiles of density and pressure into the three-dimensional hydrodynamical code PLUTO (Mignone et al. 2007 ). The full grid is taken as a cube with side length of 400 R . We employ an adaptivemesh-refinement (AMR) grid with five refinement levels. The base grid resolution is 1/64 of the grid length (i.e. 4.35×10 11 cm), and the highest resolution is 2 4 times smaller (i.e. 2.72×10 10 cm). The centre of the AGB star and the centre of the grid coincide at (x, y, z) = (0, 0, 0). We use an equation of state of an ideal gas with adiabatic index γ = 5/3.
The code runs on time steps determined by the Courant -Friedrichs -Lewy (CFL) condition, and thus the high densities in the centre of the primary requires very short time steps. As we are not interested in the inner parts of the AGB star, its inner 5% in radius (5 R ) were replaced with a constant density, pressure, and temperature sphere. This allows the code to run with larger time steps than those required for simulating this inner region. The dynamic field of the local gravitational acceleration were inserted as if the inner parts of the AGB star were not truncated. The initial stellar structure is in hydrostatic equilibrium. We keep the gravitational field at its initial value (at t = 0) throughout the entire calculation. Namely, we do not include neither the change in gravity that results from the deformed envelope nor the gravity of the merger product.
We consider a scenario where a tight binary system composed of two main sequence stars or two massive brown dwarfs of masses M 2 and M 3 , enters the envelope of the AGB star, i.e., enters a common envelope evolution (CEE). Following Soker (2016), we assume that during the CEE gravitational drag and mass accretion cause the tight binary system both to spiral-in toward the AGB centre, and might cause the two main sequence stars (or brown dwarfs) to merge with each other. The simulation starts with the assumed merger of the two stars of the tight binary system at r = 70 R . We set the coordinate system such that at t = 0 the merger takes place at (x, y, z) mer−0 = (70R , 0, 0). At that orbital separation the Keplerian orbital period of the merger product around the AGB core is about 36 day.
A few words here are in place on the initial conditions. We start the simulations with the merger process taking place inside the envelope, and ignore the interaction before that stage, e.g., the spin-up of the envelope by the tight binary system, jets that might have been launched by an accretion disk around one (or two) star of the tight binary system. In addition, the entrance to the common envelope can substantially distort the envelope and the mass loss process (e.g., Morris & Podsiadlowski 2009 for a scenario explaining the rings of SN 1987A). The reason for this initial set up are numerical limitations. However, the inclusion of envelope rotation and envelope expansion due to the spiraling-in process, would most likely make the envelope more vulnerable to perturbations by the merger process. Namely, even a merger of two brown dwarfs or very low mass main sequence stars (see also below) will lead to a very messy PN.
The merger process liberates an energy of E mer ≈ 10
is the radius of the larger star of the two merging objects. A large fraction of the energy released in the merger process will be channeled to inflate the merger product, and the rest will go into the envelope of the giant star. We do not know what this fraction is, but as a conservative approach we assume that only a small fraction of the merger energy is deposited in the envelope of the giant star. If this fraction is larger than what we assume, then the same outcome can result from the merger of an even lower mass tight binary system. In the first case, designated as the fiducial run, we inject a mass of M mer = 0.1 M into the AGB envelope, and that mass carries an energy of E mer = 5 × 10 45 erg. This energy corresponds to several percents of the energy that two main sequence stars of masses 0.2M liberate. This also corresponds to the energy that is liberated from the merger of two massive brown dwarfs, but the brown dwarfs will inject less mass into the envelope. We simulated a second case with an injected mass of M mer = 0.1 M , but with a larger energy of E mer = 2.5 × 10 46 erg.
The merger remnant continues its Keplerian motion and exerts gravitational force on the envelope. We do not consider this in the present paper. The gravitational influence of the tight binary system before merger, and of the merger product after merger, will be studied in a future paper.
The energy and mass are injected over a time period of T mer = 8.8 hours, and within a sphere of R mer = 0.2 R , with a diameter of 6 basic cells. The energy is inserted as a thermal energy of the injected gas. The injection time is taken to be several times the orbital period of the tight binary system. During the injection time period, the merger product has moved a distance of about 0.01 times the circumference (1 per cent of an orbit).
To verify numerical stability, we run the simulation without the binary for ten dynamical times of the giant star. We found no noticeable change in the stellar variables, i.e. T (r), P (r), and ρ(r).
We end the simulations when a relatively significant amount of mass has left the grid, as we cannot follow the fall back of the bound gas.
RESULTS
We first present the outflow that results from the injection of mass and energy of the fiducial (low energy) run into the AGB envelope. The mass and energy injection starts at t = 0 at the location of the merger product at that time (x, y, z) mer−0 = (70R , 0, 0), which we mark with a black dot in the figures. The injection process lasts for a time of T mer = 8.8 hours, which is about 1 per cent of the orbital period. In the first three figures (igs. 1-3) we present some flow properties in the orbital plane z = 0. The merger product moves counterclockwise around the centre of the giant star, and its location at each time is marked with a cyan dot. Fig. 1 .-The evolution of density for the fiducial run with injected energy of E mer = 5 × 10 45 erg, in the orbital plane z = 0 at six times of (a) t = 2, (b) 7, (c) 9, (d) 16, (e) 29, and (f) 62 days, from top to bottom and from left to right. The colour contours are in logarithmic scale as indicated by the colour bars and in units of g cm −3 . A yellow asterisk marks the centre of the AGB star that is also the centre of the grid. The dashed-dotted white line marks the initial surface of the AGB star, the black dot is the location of the merger process, and the cyan circle marks the location of the merger product as it orbits inside the envelope (counterclockwise). Distances on the axes are in R . at t = 44 day and 130 km s −1 at t = 55 day.
From Figs. 1-3 we notice the following flow properties. The injection of the energy leads to a shock wave that propagates out, i.e., we basically set an explosion in the envelope. The initial phase that lasts for about two days consists of pure expansion of the exploding sphere of mass and energy. The injected mass suffers an adiabatic cooling. This is seen as a low temperature region (blue) in Fig. 3 in the two upper panels.
The high temperature regions in the outer envelope are post-shock regions. Seen in Fig. 3 , a shock is propagating in the outer parts of the envelope around the centre. When it closes on itself on the other side of the star it forms a gas prominence and high pressure region, as seen on the lower left corner of the two lower panels of Fig. 2 . The high temperature region can lead to a transient event, as we discuss later. Fig. 3 .-Like Fig. 1 but for the temperature in the orbital plane and at times of (a) t = 6, (b) t = 9, (c) t = 22, (d) t = 36, (e) t = 55, and (f) t = 62 day.
The blast wave that is formed by the injection of energy expands to all directions. About half of the injected material and the envelope mass that is directly pushed by the energy injection, move first toward the dense parts of the AGB envelope. The kinetic energy of this gas is dissipated in the envelope and does not eject mass to infinity. It rather drives shock waves that travel into and around the star and converge on its opposite side, as mentioned above. The low density gas from near the merger site pushes onto the denser gas toward the centre and accelerates it inward, leading to the development of Rayleigh-Taylor (RT) instabilities. These are clearly seen in panels (b) and (c) of Fig. 1 .
In Fig. 4 we present the density in the meridional plane y = 0, i.e., a plane perpendicular to the equatorial plane that goes through the centre of the AGB star. As expected, the flow is symmetric on the two sides of the equatorial plane. We can see the disturbance circling the star on both sides, i.e., above and below the equatorial plane.
In this first study where we ignore the gravity of the merger remnant we see only the influence of the injected energy and mass. We can see that the expanding gas lags behind the Keplerian motion of the merger product (the cyan dot on the figures).
By the end of this run, about 0.03 M of gas had flown out of the numerical grid with a positive energy. More material can escape the gravitational potential barrier with the aid of radiation pressure on dust that is expected to be formed in the cooling gas. As we do not include radiation pressure on the lifted gas, we somewhat underestimate the unbound mass.
The injected energy of E mer = 5 × 10 45 erg can be accounted for even by the merger of two brown dwarfs. The merger of two low mass main sequence stars, of masses M 1 ≈ M 2 0.1 − 0.2M will release much larger amount of energy. We simulated one such case with E mer = 2.5 × 10 46 erg. The density in the equatorial plane at two times is presented in Fig. 5 . Comparing to panels b-d in Fig. 1 , we can immediately see that the AGB star suffers a much significant distortion. Due to numerical limitations we could not continue this run. It will be repeated in a new set of simulations that will include the self gravity of the envelope and the gravity of the merger product.
The full distortion of the AGB envelope is seen the best in 3D images. In Fig. 6 we present equi-density surfaces at six times. The formation of a messy circumstellar matter is clearly seen, mainly by following the red colour that depicts a density surface of ρ = 6 × 10 −9 g cm −3 .
We end by presenting the 3D structure of the gas that was injected in the merger process. To follow this gas we use a 'tracer', which is a non-physical variable moving with specifically designated gas, the injected mass in the present case. The tracer's value at each point indicates the mass fraction of the injected gas at that point. Thus, regions occupied by the gas ejected from the merger process are marked by a tracer value of ξ = 1, and regions where the ejected gas has Fig. 4 .-Density in the meridional plane y = 0 at (a) t = 13 day and (b) t = 44 day. The flow is symmetric about the equatorial plane, but highly asymmetric with respect to energy injection location (black dot), i.e., there is a large left-right asymmetry in the figure. Fig. 1 but for the run with the higher injected energy of E mer = 2.5 × 10 46 erg, and only at two times of (a) t = 6 day and (b) t = 13 day. These are to be compared with panels b-d of Fig. 1 Fig. 6.-Three dimensional density structure for the low energy case at times of (from upper left to lower right) (a) t = 4, (b) t = 11, (c) t = 22, (d) t = 33 (e) t = 44, and (f) t = 55 day. Shown are equi-density surfaces, with colour-coding of red 6 × 10 −9 g cm −3 , green 1.2 × 10 −7 g cm −3 , blue 2.8 × 10 −6 g cm −3 , and pale blue 6 × 10 −5 g cm −3 . not reached are marked by ξ = 0. Figure 7 depicts the surface corresponding to a tracer value of ξ = 0.5 at t = 37 day. This surface delineates the boundary between the gas ejected in the merger process and its surroundings. The colour of each point on the surface indicates the local density. The expanding gas ejected from the merger process can not penetrate the dense layers of the AGB envelope, and it expands radially outwards in a direction opposite the centre. At a late time the gas can be seen to be concentrated, very crudely, on a surface of a pyramid. There is a small azimuthal velocity component due to the orbital motion during the merger process. Fig. 7. -The boundary between the injected material and the gas of the giant star at t = 37 day.
Presented is the surface where half of the mass in each grid point originated from the injected merger mass. Namely, the surface of a tracer value of ξ = 0.5. The colours represent the total density on that surface, from ρ = 10 −9 g cm −1 blue, through ρ = 10 −7 g cm −1 (green) to ρ = 10 −6 g cm −1 (yellow).
DISCUSSION AND SUMMARY
Many rare transient events, some that include the explosion of stars and some that include the complete destruction of stars by another object, have been discovered in recent years. Many more are expected with coming telescopes and surveys. The goal of this study is to present one such very rare event that, nonetheless, might one day be detected as an ILOT. As well, this process can lead to the formation of a very asymmetrical (messy) circumstellar matter, e.g., a messy PN. The process is that of a tight binary system that enters the envelope of a giant star. Because of the friction inside the envelope, the two stars of the tight binary system merge and release energy and mass inside the envelope. The tight binary system can be composed of any two non-giant stars, e.g., neutron stars, white dwarfs, main sequence stars, horizontal branch stars, and/or brown dwarfs, and any combination of these. The secondary star might even be a massive planet.
In the present study, still preliminary, we simply injected energy inside the envelope during a very short time (about 9 hours) relative to the orbital period (about 36 days). We included the gravitational field of the giant star, but we kept it constant at its initial value. To isolate the influence of the inserted energy, and due to limited computer resources, we neglect in this first study the following processes. We did not consider the influence of the tight binary system on the structure of the envelope prior to the merger. The envelope is expected to rotate and to have an oblate structure. We started at t = 0 with a spherical giant envelope. We did not include the gravity of the merger product and the changing gravity of the deformed envelope (self-gravity). The merger processes might lead to the formation of an accretion disk around the surviving star. This disk might launch jets. We did not study this process here. We plan future simulations where we will include these effects. Another effect that we did not include, and which is very complicated to include, is radiative transfer.
We present the evolution of the flow for the low-energy (fiducial) simulation in Figs. 1 -4 , and in the 3D images in Figs. 6 and 7. We note that even the merger of two brown dwarfs can release the injected energy of E mer = 5 × 10 45 erg in this case. We summarize the main results of this simulation as follows.
(1) An ILOT. A shock propagates on the outskirts of the giant envelope. This is best seen by the deep red colour in Fig. 3 . In addition to adiabatic cooling, the hot gas is expected to cool by radiation. This will lead to an outburst in the visible that will evolve to red as dust is formed in the ejecta. This ILOT will last for several weeks. The exact light curve depends on the energy injected and how deep inside the envelope it is injected. This is not studied in the present paper.
(2) A very asymmetrical mass ejection. The flow that results from the merger process does not have a symmetry around an axis that goes through the core and the location of the merger process because the energy is being injected with the velocity of the tight binary system around the giant star. As can be see in the different figures, a messy outflow is formed. This will lead to the formation of a messy nebula, and hence this is one of the triple stellar evolutionary routes that lead to the formation of messy PNe (Soker 2016; Bear & Soker 2017) . In the present simulations the flow possesses a symmetry about the orbital plane. However, in reality, the orbital plane of the tight binary system does not need to be in the orbital plane of the triple stellar system. In that case there will be a departure from a plane symmetry as well.
(3) Ejected mass. The shock that propagates through the giant envelope causes prominences and ejection of mass for about several weeks. Part of the mass leaves the grid with a positive energy, and hence it will escape the system. In the simulation that we conducted, a relatively small amount of energy was deposited within the giant envelope, and hence only about 0.03M has a positive energy and leaves the system. Although not much mass, it is enough to leave an imprint on the descendant nebula.
We run one case with five times larger injected energy. In Fig. 5 we present the first 13 days of the simulation with a larger injected energy of E mer = 2.5 × 10 46 erg. As expected, the envelope is much more distorted and the outflow from the star is messy already at this early time. Due to numerical limitations we could not follow this highly distorted envelope. We will study such violent outbursts in a future paper where we will modify the numerical code to include the self-gravity of the highly distorted envelope.
A general and a wider short summary of our study can be phrased as follows. Rare triple stellar evolution routes, such as the one studied here, extend the domain of the binary interaction to account for different types of astrophysical objects, like ILOTs and shaping of circumstellar nebulae, and strengthen the binary interaction model.
